The West-Pana intrusion belongs to the Paleoproterozoic Fedorova-Pana Complex of the Kola Region in NW Russia, which represents one of Europe's most significant layered complexes in terms of total platinum group element (PGE) endowment. Numerous studies on the age of the West-Pana intrusion have been carried out in the past; however, all published U-Pb isotope ages were determined using multi-grain ID-TIMS. In this study, the mineralized Main Anorthosite Layer from the upper portion of the intrusion was dated using SHRIMP-II for the first time. High Th/U (0.9-3.7) zircons gave an upper intercept age of 2509.4 ± 6.2 Ma (2σ), whereas the lower portion of the intrusion was previously dated at 2501.5 ± 1.7 Ma, which suggests an out-of-sequence emplacement of the West-Pana intrusion. Furthermore, high-grade PGE mineralization hosted by the anorthosite layer, known as "South Reef", can be attributed to (1) downward percolation of PGE-enriched sulfide liquid from the overlying gabbronoritic magma or (2) secondary redistribution of PGEs, which may coincide with a post-magmatic alteration event recorded by low Th/U (0.1-0.9) zircon and baddeleyite at 2476 ± 13 Ma (upper intercept).
Introduction
The West-Pana intrusion represents the central block of the Paleoproterozoic Fedorova-Pana Complex located in the central part of the Kola Peninsula. It hosts several platinum group element (PGE) deposits that are interpreted to represent contact-and reef-style mineralization ( Figure 1 ). The Fedorova-Tundra deposit occurs at the basal contact of the complex [1] , whereas the North Kamennik, Kievey, and East Chuarvy deposits [2] [3] [4] are located at different stratigraphic levels of the complex and comprise one of Europe's largest PGE resource, exceeding 400 t of precious metals [5, 6] . The West-Pana intrusion is the first layered intrusion known in Russia that hosts low-sulfide PGE mineralization at several stratigraphic levels, which share many similarities with the well-known Merensky Reef of Bushveld Complex and the J-M Reef of the Stillwater Complex, respectively [7] .
In general, PGE mineralization at West-Pana occurs in two distinct layered horizons, both consisting of interlayered pyroxenite, norite, gabbronorite, and anorthosite. Anorthosites of the Lower Layered Horizon form relatively thin and discontinuous layers and host continuous PGE mineralization known as the "North Reef" [8] . Among the anorthosites of the Upper Layered Horizon, the thickest layer is the "Main Anorthosite Layer" [9] , hosting highly discontinuous PGE-rich sulfide mineralization in the its upper two meters, which is referred to as the "South Reef" [10, 11] . Modified after [12] . Proterozoic structures of the predominantly Archean Kola Region (inset): Imandra-Varzuga (IV), Kuolajarvi (K), and Pechenga (P) paleorift structures; Lapland (L) and Umba (U) granulite belts.
It is generally believed that the formation of PGE mineralization in most Russian Paleoproterozoic layered intrusions is related to the long duration of magmatism associated with prolonged igneous activity in response to a long-lived mantle plume affecting the Kola Craton for more than 50 Ma, which is mainly based on ID-TIMS U-Pb age dating [13, 14] . This interpretation is generally at odds with the current paradigm of relatively short-lived mantle plume magmatism and the duration of cooling of basaltic magma chambers, such as the Bushveld Complex, which crystallized in less than 1 Ma [15] .
The oldest published age for the West-Pana intrusion is 2501.5 ± 1.7 Ma for a gabbronorite from the Lower Layered Horizon [16] , whereas the youngest age is 2447 ± 12 Ma for the Main Anorthosite Layer [13] . In this study, we provide new insights into the geology and the petrogenesis of the Main Anorthosite Layer based on recent drilling and U-Pb dating of zircon using SHRIMP-II. The results are discussed in the context of previous age dates from the complex, thus constraining the emplacement and crystallization history of the Fedorova-Pana Complex and anorthosite-hosted PGE mineralization. The study emphasizes the need for more high-precision zircon dating to elucidate the entire emplacement history of the complex.
Geological Setting
The Fedorova-Pana Complex includes an almost continuous strip of NW-SE-trending layered intrusions, located at the northern edge of the Imandra-Varzuga paleorift structure ( Figure 1 ). The total extent of the strip is about 90 km in length and up to 6-7 km wide. The northern contact zone of all intrusions is composed of fine-grained gabbroic rocks that intruded the basement lithologies. The rocks in these zones are generally foliated and modified to epidote-amphibolite facies. The southern contact of the complex is defined by a northwest-trending fault with a dip angle of 40-50°, along which younger volcano-sedimentary rocks were thrust onto the complex. The Fedorova-Pana Complex consists of four intrusions, which are from west to east: Fedorova, Last'yavr, West-Pana, and East-Pana (Figure 1 ). Although all these intrusions are generally presented and explained as a [12] . Proterozoic structures of the predominantly Archean Kola Region (inset): Imandra-Varzuga (IV), Kuolajarvi (K), and Pechenga (P) paleorift structures; Lapland (L) and Umba (U) granulite belts.
The Fedorova-Pana Complex includes an almost continuous strip of NW-SE-trending layered intrusions, located at the northern edge of the Imandra-Varzuga paleorift structure (Figure 1 ). The total extent of the strip is about 90 km in length and up to 6-7 km wide. The northern contact zone of all intrusions is composed of fine-grained gabbroic rocks that intruded the basement lithologies. The rocks in these zones are generally foliated and modified to epidote-amphibolite facies. The southern contact of the complex is defined by a northwest-trending fault with a dip angle of 40-50 • , along which younger volcano-sedimentary rocks were thrust onto the complex. The Fedorova-Pana Complex consists of four intrusions, which are from west to east: Fedorova, Last'yavr, West-Pana, and East-Pana ( Figure 1 ). Although all these intrusions are generally presented and explained as a single entity [1, 8, 16] , most researchers believe that each intrusion represents a separate magma chamber with a distinct stratigraphy and formation history [4, [17] [18] [19] [20] [21] .
The West-Pana intrusion is a sheet-like 4 km-thick body, extending for more than 25 km along strike ( Figure 2 ). The magmatic layering dips southwest at an angle of approximately 30-35 • [22] . The stratigraphy of West-Pana is rather simple: the lowermost portion is represented by a thin Norite Zone (50 m) that is underlain by a marginal zone comprised of fine-grained gabbronorite, which is often strongly altered due to tectonic activity along the lower intrusion contact. The remainder of the intrusion is essentially unaltered and consists of massive gabbroic rocks of the Gabbronorite Zone except for two distinct horizons: the lower and upper layered horizons. The Lower Layered Horizon (LLH) is located some 600-800 m above the lower intrusion contact and is composed of several cyclic units, consisting of pyroxenite, gabbronorite, leucogabbro, and anorthosite with an average total thickness of 40 m [23] . Significant low-sulfide Pt-Pd mineralization is predominantly concentrated in the second cycle of the LLH, which is referred to as the "North Reef" [24] . Moreover, the LLH and the overlying massive gabbronorites are intruded by late magnetite gabbro [25] . The Upper Layered Horizon (ULH) is situated about 3000 m above the base of the intrusion and consists of two distinct parts with a total thickness of 300 m [26] . The lower part is characterized by a 100 m-thick zone of interlayered norite, gabbronorite, and anorthosite, whereas the upper part consists of cyclically interlayered olivine gabbronorite, troctolite, and anorthosite, which is often referred to as the "Olivine Horizon". The low-sulfide PGE mineralization is associated with both parts of the ULH, but it does not form a continuous ore body. The most significant PGE mineralization is hosted by the "South Reef", which occurs within the Main Anorthosite Layer, representing the thickest anorthosite layer in the lower part of the ULH. single entity [1, 8, 16] , most researchers believe that each intrusion represents a separate magma chamber with a distinct stratigraphy and formation history [4, [17] [18] [19] [20] [21] . The West-Pana intrusion is a sheet-like 4 km-thick body, extending for more than 25 km along strike (Figure 2 ). The magmatic layering dips southwest at an angle of approximately 30-35° [22] . The stratigraphy of West-Pana is rather simple: the lowermost portion is represented by a thin Norite Zone (50 m) that is underlain by a marginal zone comprised of fine-grained gabbronorite, which is often strongly altered due to tectonic activity along the lower intrusion contact. The remainder of the intrusion is essentially unaltered and consists of massive gabbroic rocks of the Gabbronorite Zone except for two distinct horizons: the lower and upper layered horizons. The Lower Layered Horizon (LLH) is located some 600-800 m above the lower intrusion contact and is composed of several cyclic units, consisting of pyroxenite, gabbronorite, leucogabbro, and anorthosite with an average total thickness of 40 m [23] . Significant low-sulfide Pt-Pd mineralization is predominantly concentrated in the second cycle of the LLH, which is referred to as the "North Reef" [24] . Moreover, the LLH and the overlying massive gabbronorites are intruded by late magnetite gabbro [25] . The Upper Layered Horizon (ULH) is situated about 3000 m above the base of the intrusion and consists of two distinct parts with a total thickness of 300 m [26] . The lower part is characterized by a 100 m-thick zone of interlayered norite, gabbronorite, and anorthosite, whereas the upper part consists of cyclically interlayered olivine gabbronorite, troctolite, and anorthosite, which is often referred to as the "Olivine Horizon". The low-sulfide PGE mineralization is associated with both parts of the ULH, but it does not form a continuous ore body. The most significant PGE mineralization is hosted by the "South Reef", which occurs within the Main Anorthosite Layer, representing the thickest anorthosite layer in the lower part of the ULH. The 10-17-m-thick Main Anorthosite Layer on the southern slope of Mt. Kamennik can be traced for up to 2 km based on drilling and outcrop mapping. In contrast, the eastern portion of the Main Anorthosite Layer at Mts. Suleypakhk and Kievey has a confirmed strike length of at least 10 km (Figures 2 and 3 ). The underlying lithology is a medium-grained gabbronorite ( Figure 4A ), and the contact between the gabbronorite and the anorthosite is gradational ( Figure 4B ). The overlying Figure 2 . Simplified geological map of the West-Pana intrusion. Published U-Pb ages are shown in green rectangles. Note that the intrusion was explored for PGE mainly along strike of the North and South Reefs, but sub-economic to economic deposits were only discovered in the former. Abbreviations: GNZ, Gabbronorite Zone. Modified after [3] .
The 10-17-m-thick Main Anorthosite Layer on the southern slope of Mt. Kamennik can be traced for up to 2 km based on drilling and outcrop mapping. In contrast, the eastern portion of the Main Anorthosite Layer at Mts. Suleypakhk and Kievey has a confirmed strike length of at least 10 km (Figures 2 and 3 ). The underlying lithology is a medium-grained gabbronorite ( Figure 4A ), and the contact between the gabbronorite and the anorthosite is gradational ( Figure 4B ). The overlying unit is composed of medium-grained, sometimes inequigranular gabbronorite that has a sharp contact with the underlying anorthosite ( Figure 4C-F) . Locally, a discontinuous, 1-2-m-thick norite layer occurs at the base of the overlying gabbronorite. These norites contain traces of PGE mineralization (<0.8 ppm Pd), as well as inequigranular gabbronorites associated with hornfels [27] . High-grade PGE mineralization with up to 33 ppm Pd is concentrated in the uppermost two meters of the anorthosite layer and is known as the "South Reef" [8, 11] .
These "South Reef" anorthosites are coarse-grained cumulate rocks with a mottled texture, containing some 75-98 vol. % plagioclase, intercumulus quartz, ortho-, and clino-pyroxene, as well as secondary amphibole, biotite, epidote with minor amounts of chalcopyrite, bornite, millerite, pentlandite, pyrrhotite, magnetite, and ilmenite. Accessory minerals include zircon, baddeleyite, apatite, titanite, and rutile. More than three tens PGE and Au minerals occur in the mineralized anorthosite [11, 27] . The mottled texture of the anorthosite is defined by the local concentration of plagioclase crystals in distinct areas ( Figure 4C ), whereas other parts are strongly affected by autometamorphic processes, leading to the complete replacement of the initial intercumulus mineral assemblages by secondary amphibole and epidote ( Figure 4D ). The mineralized anorthosite contains 2-5 vol. % disseminated sulfide ( Figure 4E ), mostly hosted by secondary epidote interstitial to cumulus plagioclase ( Figure 5A ). These "South Reef" anorthosites are coarse-grained cumulate rocks with a mottled texture, containing some 75-98 vol. % plagioclase, intercumulus quartz, ortho-, and clino-pyroxene, as well as secondary amphibole, biotite, epidote with minor amounts of chalcopyrite, bornite, millerite, pentlandite, pyrrhotite, magnetite, and ilmenite. Accessory minerals include zircon, baddeleyite, apatite, titanite, and rutile. More than three tens PGE and Au minerals occur in the mineralized anorthosite [11, 27] . The mottled texture of the anorthosite is defined by the local concentration of plagioclase crystals in distinct areas ( Figure 4C ), whereas other parts are strongly affected by autometamorphic processes, leading to the complete replacement of the initial intercumulus mineral assemblages by secondary amphibole and epidote ( Figure 4D ). The mineralized anorthosite contains 2-5 vol. % disseminated sulfide ( Figure 4E ), mostly hosted by secondary epidote interstitial to cumulus plagioclase ( Figure 5A ). Moreover, the stratigraphic position of the "South Reef" PGE mineralization appears to be unrelated to changes in the mineral composition of cumulus rock-forming minerals, whereas the position of the "North Reef" coincides with a distinct increase in the anorthite content of plagioclase [9, 28, 29] . Unlike the barren anorthosite with unzoned plagioclase, the mineralized anorthosites of the "South Reef" are characterized by pronounced zonation of cumulus plagioclase, showing distinct brown rims that have a similar compositions to plagioclase rims from the overlying cumulate [9] . Furthermore, the composition of braggite and vysotskite from the "South Reef" indicates that the crystallization temperature of these minerals is about 750 • C, which is well below the crystallization temperature of these minerals from other deposits across the Fedorova-Pana Complex (830-920 • C) [30] . Thus, several lines of evidence indicate that the low-sulfide PGE mineralization of the "South Reef" is secondary in nature, either post-magmatic or locally remobilized, but the source and processes leading to sulfide concentration in the uppermost portion of the anorthosite layer remain unknown.
Materials and Methods
Three drill cores (26, 29, 30) intersecting the Main Anorthosite Layer were used for this study (JSC Pana, 2012 -2013 . A detailed overview of the petrography and mineral chemistry of the Main Anorthosite Layer is given in [9, 11, 12, 26] .
About 30 zircon grains with a size of 50-250 µm were separated from sample BG29 (~10 kg; Borehole 29 in Figure 3 ) using the methodology described in [31] . The zircon textures were investigated using optical microscopy, cathodoluminescence (CL), and back-scatter electron (BSE) images ( Figure 6 ). The CL and BSE imaging were performed on a CamScan MX2500 scanning electron microscope equipped with a CLI/QUA2 system at the Centre of Isotopic Research of the Russian Geological Research Institute (CIR VSEGEI) in St. Petersburg, Russia.
The analyses of U-Pb isotope ratios in zircon were carried out on a SHRIMP-II secondary-ion mass spectrometer at CIR VSEGEI using the method outlined in [32, 33] . The intensity of the primary molecular oxygen beam was 4 nA; the size of the sampling crater was 20 × 25 μm with a depth of 2 μm. Correction for non-radiogenic Pb was carried out using the measured 204 Pb and the modern isotopic composition of Pb from [34] . The data processing was conducted using the software SQUID 1 [35] , including concordia age calculation. The analytical results are shown in Table 1 . Table 1 ; Roman numerals show zircon groups. Table 1 ; Roman numerals show zircon groups.
The analyses of U-Pb isotope ratios in zircon were carried out on a SHRIMP-II secondary-ion mass spectrometer at CIR VSEGEI using the method outlined in [32, 33] . The intensity of the primary molecular oxygen beam was 4 nA; the size of the sampling crater was 20 × 25 µm with a depth of 2 µm. Correction for non-radiogenic Pb was carried out using the measured 204 Pb and the modern isotopic composition of Pb from [34] . The data processing was conducted using the software SQUID 1 [35] , including concordia age calculation. The analytical results are shown in Table 1 . 
Results of Zircon Imaging and U-Pb SHRIMP Dating
The studied set of zircons is relatively heterogeneous and can be divided into two distinct groups based on age, morphology, texture, and composition ( Figure 6 ). The analytical results of the U-Pb isotope dating are given in Table 1 and plotted in the concordia diagram in Figure 7 .
concordant zircons form a discordia, which includes the ID-TIMS multi-grain zircon analysis P6-3 ( Figure 7 ). This data point was taken from a previous study and represents a zircon from the same lithology [13] . The upper intercept age of the resulting composite discordia (n = 9) is 2509.4 ± 6.2 Ma (MSWD = 0.52), whereas the lower intercept corresponds to an age of 343 ± 120 Ma.
The second group of zircon is represented by two grains (6, 8) : the first grain strongly resembles zircon from the first group in terms of morphology and internal texture, but due to its composition, it was included in this group (cf. Th/U ratios in Table 1 ); the second zircon is elongated with a round shape and shows distinct internal domaining ( Figure 6 ). Figure 7 shows that these Group 2 zircons form a discordia together with zircon (P6-2) and baddeleyite (P5-bd, P6-bd) from the same rocks analyzed by ID-TIMS in a previous study [13] . The upper intercept age of this composite discordia is 2476 ± 13 Ma (MSWD = 0.71). . Concordia diagram for zircons separated from sample BG29 (coarse-grained anorthosite) with zircon and baddeleyite data from samples P5 and P6 (italic). Green ellipses show zircon with high Th/U ratios (mainly 0.9-3.7); red ellipses represent zircon with low Th/U ratios (0.1-0.9); black ellipses show zircon and baddeleyite (bd) from [13] . The dotted line shows the discordia exclusively based on ID-TIMS data.
The first group of zircons (eight grains: 1-5, 7, 9, 10) comprises fragments of large columnar crystals, showing a weak zonation in CL images. Most of these zircons have a low discordance ( Table 1) .Three of them (7, 9, 10) have a discordance close to zeroand plot on the concordia with a calculated age of 2509 ± 10 Ma (including decay constant errors; MSWD = 0.42; concordance probability is 0.52). Three relatively discordant zircon grains of this group (1, 2, 5) together with concordant zircons form a discordia, which includes the ID-TIMS multi-grain zircon analysis P6-3 ( Figure 7 ). This data point was taken from a previous study and represents a zircon from the same lithology [13] . The upper intercept age of the resulting composite discordia (n = 9) is 2509.4 ± 6.2 Ma (MSWD = 0.52), whereas the lower intercept corresponds to an age of 343 ± 120 Ma.
The second group of zircon is represented by two grains (6, 8) : the first grain strongly resembles zircon from the first group in terms of morphology and internal texture, but due to its composition, it was included in this group (cf. Th/U ratios in Table 1 ); the second zircon is elongated with a round shape and shows distinct internal domaining ( Figure 6 ). Figure 7 shows that these Group 2 zircons 9 of 14 form a discordia together with zircon (P6-2) and baddeleyite (P5-bd, P6-bd) from the same rocks analyzed by ID-TIMS in a previous study [13] . The upper intercept age of this composite discordia is 2476 ± 13 Ma (MSWD = 0.71).
Discussion

U-Pb Age of the Main Anorthosite Layer and Crystallization History of the West-Pana Intrusion
The existing U-Pb age of 2447 ± 12 Ma for the Main Anorthosite Layer (Table 2) was determined by multi-grain ID-TIMS on zircon and baddeleyite [13] . Since baddeleyite generally crystallizes as a late-stage mineral in layered intrusions [36] , this age was considered to indicate the crystallization age of the anorthosite. Therefore, the Main Anorthosite Layer was interpreted to represent an additional sill-like intrusion that was emplaced some 50 Ma after the crystallization of the West-Pana intrusion [13, 37] . C, concordant zircons; DC, discordant zircons with concordant zircon(s); D, discordant zircons; SD, strongly-discordant zircons; min., mineralized. All errors are reported as 2σ.
Based on the U-Pb SHRIMP-II dating of zircon from the Main Anorthosite Layer, two stages in the formation of the layer can be distinguished: (1) a magmatic stage and (2) a post-magmatic metasomatic stage. The magmatic stage is mainly represented by zircons from the first group and characterized by relatively high Th/U ratio, ranging from 0.9-3.7 (Table 1) . Therefore, the calculated concordia age of 2509 ± 10 Ma and the slightly more precise upper intercept age of 2509.4 ± 6.2 Ma most likely represent the actual crystallization age of the anorthosite. In contrast, the second group of zircons has lower Th/U ratios, ranging from 0.1-0.9 (Table 1 ) and belongs to the post-magmatic metasomatic stage. Consequently, the upper intercept age of 2476 ± 13 Ma records the autometasomatic overprint of the anorthosites. It should be noted that late-stage baddeleyite in these anorthosites is unlikely to be magmatic as it mostly occurs together with secondary amphibole, epidote, and with presumably remobilized sulfide mineralization ( Figure 5B ), rather than with a typical magmatic interstitial mineral assemblage. This may explain the large difference between the 2509.4 ± 6.2 Ma age determined by SHRIMP-II and the 2447 ± 12 Ma ID-TIMS age for the same lithological unit. A potential mechanism for the autometasomatic overprint of the anorthosites may have been the downward infiltration of residual melts from the overlying gabbronoritic unit (Figure 3) .
Geological relationships coupled with U-Pb dating of the Main Anorthosite Layer suggest that the layer crystallized coevally with the adjacent rocks of the ULH, but earlier than the LLH and other rocks from the lower portions of the West-Pana intrusion (Figures 2 and 8 ). This conclusion is consistent with available age dates from the layered series of the Fedorova intrusion that range from 2526-2507 Ma, whereas the basal marginal series is younger with 2493-2485 Ma (Table 2) , although secondary overprinting may have obscured the actual crystallization ages. Notably, the Main Anorthosite Layer shares many similarities with the Anorthosite zones in the Middle Banded Series of the Stillwater Complex as these anorthosites are older than the underlying rock sequences, which also host the J-M Reef. This was interpreted to suggest an out-of-sequence emplacement of the Stillwater Complex, which could also apply to the Fedorova-Pana Complex [42] .
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Geological relationships coupled with U-Pb dating of the Main Anorthosite Layer suggest that the layer crystallized coevally with the adjacent rocks of the ULH, but earlier than the LLH and other rocks from the lower portions of the West-Pana intrusion (Figures 2 and 8 ). This conclusion is consistent with available age dates from the layered series of the Fedorova intrusion that range from 2526-2507 Ma, whereas the basal marginal series is younger with 2493-2485 Ma (Table 2) , although secondary overprinting may have obscured the actual crystallization ages. Notably, the Main Anorthosite Layer shares many similarities with the Anorthosite zones in the Middle Banded Series of the Stillwater Complex as these anorthosites are older than the underlying rock sequences, which also host the J-M Reef. This was interpreted to suggest an out-of-sequence emplacement of the Stillwater Complex, which could also apply to the Fedorova-Pana Complex [42] . Table 2 for references; C, mean 207 Pb/ 206 Pb age or concordia age. Note that the upper intercept age for magmatic zircon (z1) from the Main Anorthosite Layer (2509.4 ± 6.2 Ma) is older than the mean 207 Pb/ 206 Pb age of the lower part of the intrusion (2501.5 ± 1.7 Ma, dark grey field), potentially indicating that (1) the upper portion of the intrusion is older than the lower portion and (2) the previous ID-TIMS date for this lithological unit (red error bar) did not record the actual crystallization age.
In terms of the crystallization history of the West-Pana intrusion and its long duration based on available age dating (Figure 8 ), this study shows that the geochronological questions are currently far from being conclusively answered. More modern and reliable high-precision age dating is needed to be able to resolve the entire crystallization history of not only the West-Pana intrusion, but the Fedorova-Pana Complex as a whole (Table 2, Figure 8 ). Considering the results of this study, the 2470 ± 9 Ma age for the gabbro-pegmatite from the LLH should be regarded as an upper temporal boundary for the crystallization of the intrusion (Figure 8 ). It appears, however, that this age most likely records the timing of late-to post-magmatic overprinting rather than the actual timing of emplacement, taking into account that high-precision dating of other large layered intrusions, such as the Bushveld or Stillwater Complexes, suggest a much shorter duration of magmatism, lasting for a few million years at most [15, 42] .
The main challenge associated with establishing a sound geochronological emplacement history for the Fedorova-Pana Complex is the precise dating of different mineralized and unmineralized lithologies from the Fedorova Tundra, the Northern Kamennik, and the Kievey deposits using the same methodology. This may potentially show that all these PGE deposits belong to the same mineral system and that they formed at the same time. These types of studies are Table 2 for references; C, mean 207 Pb/ 206 Pb age or concordia age. Note that the upper intercept age for magmatic zircon (z 1 ) from the Main Anorthosite Layer (2509.4 ± 6.2 Ma) is older than the mean 207 Pb/ 206 Pb age of the lower part of the intrusion (2501.5 ± 1.7 Ma, dark grey field), potentially indicating that (1) the upper portion of the intrusion is older than the lower portion and (2) the previous ID-TIMS date for this lithological unit (red error bar) did not record the actual crystallization age.
The main challenge associated with establishing a sound geochronological emplacement history for the Fedorova-Pana Complex is the precise dating of different mineralized and unmineralized lithologies from the Fedorova Tundra, the Northern Kamennik, and the Kievey deposits using the same methodology. This may potentially show that all these PGE deposits belong to the same mineral system and that they formed at the same time. These types of studies are necessary and feasible as was demonstrated for the PGE deposits of the Bushveld [15, 43] and Stillwater Complexes [44] .
Implications for the Formation of the South Reef
The formation of the South Reef PGE mineralization hosted in the uppermost portions of the Main Anorthosite Layer is one of the most important unresolved issues associated with the Fedorova-Pana Complex. Immediately after the discovery of mineralized rocks, containing tens of ppm Pd, the South Reef was considered to be highly prospective for further exploration [8] . Additional work on the South Reef, however, showed that the continuity of the high-grade PGE mineralization was generally limited to a few meters along strike of the Main Anorthosite Layer (cf. Boreholes 26 and 29 in Figure 3) .
Based on the notion that the anorthosites in the West-Pana intrusion represented late sill-like bodies [13, 36] and the presence of PGE-enriched rocks in the overlying and underlying gabbronoritic units [12] , it was assumed that the PGEs were derived from the older gabbronorites that initially contained low-grade PGE mineralization. Upon intrusion of the anorthosites, this low-grade PGE mineralization was assimilated and enriched in the uppermost portions of the Main Anorthosite Layer [37] .
The results of this study indicate that the anorthosites likely represent a regular part of the stratigraphy of West-Pana rather than late sill-like intrusions. This is further supported by the gradational lower contact of the anorthosite layer, which is characterized by progressively-increasing modal abundances of plagioclase ( Figure 4B ). Moreover, the anorthite content of cumulus plagioclase from the host gabbronorites and the anorthosite ranges from 73-75 mol. %, showing little variation across the contact [9] . It appears that the underlying gabbronorites together with the anorthosite represent the same cyclic unit of the ULH, while the overlying gabbronorites defines the base of another cyclic unit. The most likely source of the high-grade PGE mineralization hosted by the South Reef is the overlying gabbronoritic unit, which contains low-grade PGE mineralization associated with hornfels xenoliths, inequigranular gabbronorites, and norites. Two processes can be envisaged as potential mechanisms for the concentration of PGE in the anorthosite layer: (1) downward percolation of sulfide liquid from the overlying gabbronoritic magma into the uppermost portion of the anorthosite layer or (2) secondary redistribution of PGEs, which may coincide with the younger ages recorded by post-magmatic zircon and baddeleyite. The typical magmatic sulfide assemblage and the relatively high IPGE/PPGE ratios, however, argue strongly against a secondary origin of the mineralization.
Assuming that the most significant PGE enrichments in the Kola Region are associated with additional intrusions of sulfide-saturated and somewhat PGE-enriched magmas, as suggested for the Monchegorsk Complex [45, 46] and the Fedorova intrusion [1] , it is likely that the gabbronorites, overlying the Main Anorthosite Layer, also formed as a result of a late-stage intrusion of sulfide-saturated, PGE-enriched magma into the pre-existing cumulate pile. Further evidence for this mechanism is provided by the presence of a thin, discontinuous norite layer, as well as abundant hornfels xenoliths directly above the anorthosite layer (Figure 3 ). This late-stage intrusion may have led to the infiltration of PGE-enriched sulfide melt into the interstitial space of the underlying anorthosite cumulates [47, 48] , somewhat similar to contact-style sulfide mineralization, infiltrating basement lithologies that are in direct contact with the intrusion [46, 49] .
Concluding Remarks
The mineralized Main Anorthosite Layer is a plagioclase-rich cumulate that belongs to the cyclical Upper Layered Horizon of the West-Pana intrusion. The layer representing a leucocratic part of the cycle is overlain by slightly PGE-enriched gabbronorites of the next cyclic unit, which is characterized by abundant hornfels xenoliths and a discontinuous basal norite layer.
U-Pb SHRIMP-II dating of magmatic zircon with relatively high Th/U (0.9 to 3.7) from the anorthosite layer gives an upper intercept age of 2509.4 ± 6.2 Ma (2σ) and a concordia age of 2509 ± 10 Ma. The anorthosite and the related rocks of the Upper Layered Horizon are generally older than the lower portions of the West-Pana intrusion, suggesting an out-of-sequence emplacement of the intrusion. Secondary baddeleyite and zircon with relatively low Th/U (0.1-0.9) from the same anorthosite layer that were previously analyzed by multi-grain ID-TIMS yielded a significantly younger age of 2476 ± 13 Ma. Our study indicates that this age does not record the actual timing of emplacement, but a secondary, post-magmatic alteration event.
